Non-invasive genomic research on free-ranging mammals typically relies on the use of 29 fecal DNA. This requires the isolation and enrichment of endogenous DNA, given its small 30 proportion compared to bacterial DNA. Current approaches for acquiring large-scale genomic 31 data from feces rely on bait-and-capture techniques. While this technique has greatly improved 32 our understanding of mammalian population genomics, it is limited by biases inherent to the 33 capture process, including allele dropout, low mapping rates, PCR duplication artifacts, and 34 structural biases. We report here a new method for generating whole mammalian genomes from 35 feces using fluorescence-activated cell sorting (FACS). Instead of enriching endogenous DNA 36 from extracted fecal DNA, we isolated mammalian cells directly from feces. We then built 37 fragment libraries with low input material from commercially available kits, which we 38 sequenced at high and low coverage. We validated this method on feces collected from primates 39 stored in RNAlater for up to three years. We sequenced one fecal genome at high coverage 40 (12X) and 15 additional fecal genomes at low coverage (0.1X -4X). For comparative purposes, 41
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Non-invasive genomic research on free-ranging mammals typically relies on the use of 29 fecal DNA. This requires the isolation and enrichment of endogenous DNA, given its small 30 proportion compared to bacterial DNA. Current approaches for acquiring large-scale genomic 31 data from feces rely on bait-and-capture techniques. While this technique has greatly improved 32 our understanding of mammalian population genomics, it is limited by biases inherent to the 33 capture process, including allele dropout, low mapping rates, PCR duplication artifacts, and 34 structural biases. We report here a new method for generating whole mammalian genomes from 35 feces using fluorescence-activated cell sorting (FACS). Instead of enriching endogenous DNA 36 from extracted fecal DNA, we isolated mammalian cells directly from feces. We then built 37 fragment libraries with low input material from commercially available kits, which we 38 sequenced at high and low coverage. We validated this method on feces collected from primates 39 stored in RNAlater for up to three years. We sequenced one fecal genome at high coverage 40 (12X) and 15 additional fecal genomes at low coverage (0.1X -4X). For comparative purposes, 41
we also sequenced DNA from nine blood or tissue samples opportunistically collected from 42 capuchin monkeys that died of natural causes or were treated in a local rehabilitation center.
43
Across all fecal samples, we achieved median mapping and duplication rates of 82% and 6%, 44 respectively. Our high-depth fecal genome did not differ in the distribution of coverage, 45 heterozygosity, or GC content from those derived from blood or tissue origin. As a practical 46 application of our new approach with low coverage fecal genomes, we were able to resolve the 47 population genetic structure of capuchin monkeys from four sites in Costa Rica. 48
49
INTRODUCTION
for deeper sequencing (targeting ~10X -15X coverage). In so doing, we have generated the first 96 uniformly-distributed, high-coverage, whole genome of a mammal from its feces. To 97 demonstrate the breadth of fecal FACS, we also conducted an analysis of population genetic 98 structure in two Costa Rican forest reserves using DNA derived from both fecal FACS and 99 traditional blood/tissue extractions. 100 101 METHODS 102
Sample Collection 103
We collected fecal samples from free-ranging white-faced capuchin monkeys (Cebus 104 imitator) at Sector Santa Rosa (SSR), part of the Área de Conservación Guanacaste in 105 northwestern Costa Rica, which is a 163,000 hectare tropical dry forest nature reserve (Figure 1 ).
106
Behavioral research of free-ranging white-faced capuchins has been ongoing at SSR since the 107 1980's which allows for the reliable identification of known individuals from facial features and 108 bodily scars (Fedigan & Rose-Wiles, 1996) . We collected 14 fresh fecal samples from 12 white-109 faced capuchin monkeys immediately following defecation (Table 1) . We placed 1 mL of feces 110 into conical 15 mL tubes pre-filled with 5 mL of RNAlater. RNAlater preserved fecal samples 111
were sent to the University of Calgary, where they were stored at room temperature for up to 112 three years. To evaluate other preservation methods, we also collected two additional capuchin 113 monkey fecal samples (SSR-FL and a section of SSR-ML) and one spider monkey (Ateles 114 geoffroyi) fecal sample, which we stored in 1X PBS buffer and then froze in liquid nitrogen with 115 a betaine cryopreservative (Rinke et al., 2014 Before isolating cells by Fluorescence-activated cell sorting (FACS), fecal samples were 131 prepared using a series of washes and filtration steps. Fecal samples were vortexed for 30 s and 132 centrifuged for 30 s at 2,500 g. Then the supernatant was passed through a 70 um filter into a 50 133 mL tube and washed with DPBS. After transferring the resultant filtrate to a 15 mL tube, it was 134 centrifuged at 1,500 RPM for 5 minutes to pellet the cells. Then we twice washed the cells with 135 13 mL of DPBS. We added 500 uL of DPBS to the pellet and re-filtered through a 35 um filter 136 into a 5 mL FACS tube. We prepared a negative control (to control for auto-fluorescence) with 137 500 uL of DPBS and one drop of the cell solution. Sequencing reads from one of the high coverage fecal samples (SSR-FL) bore a strong signature 177 of human contamination (16%), and were thus excluded from SNV generation. We included 178 reads from nine tissue/blood samples and one frozen fecal sample with high coverage (SSR-ML).
179
In total, we generated 4,184,363 SNVs for downstream analyses.
180
To remove potential human contamination from sequenced libraries, we mapped trimmed 181 reads to the Cebus imitator 1.0 and human (hg38) genomes simultaneously with BBsplit 182 (Bushnell, 2016) . Using default BBsplit parameters, we binned separately reads that mapped 183 unambiguously to either genome. Ambiguously mapping reads (i.e. those mapping equally well 184 to both genomes) were assigned to both genomic bins, and unmapped reads were assigned to a 185 third bin. We calculated the amount of human genomic contamination as the percentage of total 186 reads unambiguously mapping to the human genome ( Given the large degree of difference in coverage among our samples, (less than 1X to 213 greater than 50X), performed pseudodiploid allele calling on all samples using custom scripts.
214
For each library, at each position in the SNV set, we selected a single, random read from the 215 sequenced library. From that read, we called the variant information at the respective SNV site 216 for the given library. In so doing, we generated a VCF with a representative degree of variation 217 and error for all samples.
218
To assess population structure and infer splits between northern and southern groups of 219
Costa Rican white-faced capuchins, we constructed principal components plots with 220 EIGENSTRAT ( Table 2 ). Read duplication levels were low, with a median value of 9% (range: 2 -40%) 258 resulting in 63% (range: 8 -92%) of reads being unique and mapping to the Cebus imitator 1.0 259 genome. The amount of duplicate reads was distributed bimodally across individuals, with reads 260 from five samples having substantially higher duplication rates than the remaining nine. The rate 261 of duplication was significantly correlated (R = -0.751; 95% CI (-0.917, -0.366); t = -3.94; p < 262 0.01) with the number of cells (log10 transformed), decreasing sharply above a threshold of 263 about 1,000 cells ( Figure 3D ).
264
The samples frozen in liquid nitrogen mapped at comparable rates to those preserved in 265
RNAlater. From the two frozen capuchin samples, SSR-ML and SSR-FL, respectively, we 266 extracted 10.50 and 6.72 ng of DNA. These two samples mapped at 96% and 80.4% with BWA-267 MEM and 90% and 42% with BBsplit (5% and 3% duplicates), respectively. We extracted 6.96 268 and 4.50 ng of DNA from the two runs of the spider monkey sample, which mapped at a 269 substantially lower rate of 54% and 49% with BWA-MEM and 12% with BBsplit for both (1% 270 duplicates for both).
271
We observed little to no human contamination in the RNAlater preserved samples. For 272 nine of the 14 samples, BBsplit mapped between 0.61 and 1.25% of reads to hg38 (median 273 0.96%); however, in four cases 2.86 -5.80% of reads were binned to the human genome. Human 274 mapped reads were also low for the frozen SSR-ML (1.25%) and spider monkey (2.83% and 275
1.82%) samples. However, SSR-FL appeared to have substantial human contamination (15.77% 276 of reads). This may be due to initial processing of these three samples, which were stored using 277 the cryopreservation method, at the field site. We conducted the initial vortexing, centrifugation, 278 and collection of supernatant (see section 2.2) at the SSR field station, which is likely where 279 SSR-FL was contaminated. Due to this, we examine the mapping rates using only the RNAlater 280 preserved samples. However, we were able to decontaminate reads bioinformatically, and 281 include the decontaminated reads in downstream analyses where appropriate.
282
By sorting fecal samples with FACS, we substantially increased the percentage of reads 283 mapping to the target genome. We selected five samples at random (SSR-CH, SSR-NM, SSR-284 LE, SSR-PR, SSR-SN) to compare pre-and post-FACS mapping rates. The mapping rates of 285 unsorted feces ranged from 10 -42%, with a median of 14% ( Figure 3C ). After flow sorting 286 aliquots of these fecal samples, we obtained significantly higher mapping rates (V = 15, p < 287 0.05) for each sample, ranging from 64 -95%, with a median of 85%, resulting in a median 6.07 288 fold enrichment. 289 290
High coverage fecal genome 291
Given that the sample SSR-ML had a high mapping percentage, a low rate of duplication, 292
and was effectively free of human-specific mapping, we selected it for sequencing at high 293 coverage. Using ½ of one HiSeq 4000 lane, we achieved an average coverage of ~12X across the 294
Cebus imitator 1.0 genome.
295
When comparing the high coverage fecal and tissue genomes from the Santa Rosa site, 296
we observed no substantial difference in quality, coverage, heterozygosity, or GC content 297 (Figures 3 and 4) . For each genome, the distribution of per site coverage followed a roughly 298 normal distribution with a small number of positions uncovered (~2%) ( Figure 3A ). Coverage 299 along the largest scaffold from the Cebus genome was uniform in both tissue and fecal samples 300 ( Figure 3B ). No obvious area of excessively high or low coverages is apparent in the fecal 301 genome compared to that of the tissue derived genomes. Importantly, the fecal genome does not 302 have any obvious gaps in coverage. Likewise, levels of heterozygosity were comparable between 303 fecal and tissue genomes ( Figure 3C, D) . The fluctuating levels of heterozygosity across the 304 largest genomic scaffold in 100 KB windows is highly similar for SSR-ML and SSR-CR ( Figure  305 3D), indicative of their close familial relationship. Finally, the distribution of GC content across 306 the genome does not suffer from substantial bias ( Figure 5B ). Although the normalized coverage 307 at the extremes of the GC distribution is on the higher end of the capuchin samples ( Figure 5A ), 308 it falls well within the range of other samples for the vast majority of the genome where GC 309 content ranges from ~20 -75% ( Figure 5B ). 310 311
Population structure 312
We observed likely population subdivision between the northern and southern groups of 313 white-faced capuchins in our SNV set. This separation corresponds to the ecological division of 314 the season tropical dry forests in the north from the non-seasonal tropical wet forests in the 315 south. Given the limitations of the available sampling sites, it is possible that the appearance of 316 an ecological divide is actually evidence of isolation by distance. 317
All individuals from the north and the south are sharply discriminated by the first 318 principle component of the PCA ( Figure 6A ). The second component indicates a higher degree 319 of genetic variation within the southern individuals. All the northern individuals form a tight 320 cluster on the PCA plot, in contrast to those from the south, which are more widely dispersed 321 along PC 2. Furthermore, the single individual from the northern site of Cañas clusters closely 322 with the individuals from Santa Rosa, despite a geographic distance of more than 100 km, which 323 suggests that isolation by distance might not be the sole reason for population differentiation. No 324 clustering was observed within the four individuals from the southern sites of Manuel Antonio 325 and Quepos, apart from their separation from the northern individuals along PC 1. Because we 326 generated the principal components with samples from the primary SNV set and projected the 327 remaining samples (fecal flow FACS and tissue-based outgroups), the outgroup taxa are 328 expected to fall in between the two main sampling clusters of white-faced capuchins. As 329 expected, the three outgroup taxa (C. albifrons, S. sciureus, and A. geoffroyi) fall in the center of 330 the PCA plot.
331
The pattern of clustering generated by our maximum likelihood SNV tree recapitulates 332 the expected patterns of geographic distance and ecological separation in our sample (Figure 6 ).
333
Among the white-faced capuchin monkeys, the northern and southern clades represent the main 334 split in the tree. Each clade is subdivided according to the two sampling sites within the 335 geographic/ecological regions. Furthermore, the three outgroup taxa split by the expected degree 336 of evolutionary distance. These relationships are not perturbed by the fact that samples were a 337 mixture of traditional tissue-based genomic libraries and libraries generated by fecal flow-FACS. 338
This pattern is evident both within the northern sites and outgroup taxa. Additionally, depth of 339 coverage does not appear to affect the pattern of clustering. Our sample ranged in coverage from 340 less than 1X to greater than 50X. Geoffroy's spider monkeys, we acknowledge that further validation in other species is warranted. 379
Given the disparity in mapping rates between the capuchin and spider monkey samples, it is 380 possible that cytometry protocols would need to be optimized toward the particularities of a 381
given species' feces and conditions. Consistent with this notion is the fact that the fecal sample 382 (SSR-SB1) with low mapping success, was substantially darker than the other capuchin samples, 383 which, depending on the dietary items consumed, typically have a green, brown, or rust 384 coloration. Mapping was substantially improved in the replicate sample (SSR-SB2), which was 385 collected on a different day. Curiously, we did not observe a relationship between the number of 386 sorted cells and the concentration of extracted DNA. However, this is likely explained by 387 residual intercalating dyes used in FACS process remaining in the sorted cells and interfering 388
with Qubit quantification (Kuderna et al., 2018) . Additionally, it is peculiar that the mapping 389 rates of the libraries we built from unsorted fDNA were so high (median 14%). Typically, less 390 than 5% of fDNA is of an endogenous source, although some chimpanzee samples have been 2016). However, because cell sorting is not a targeted DNA enrichment process, we find it 396 unlikely that post-FACS mapping rates should depend on the concentration of endogenous 397 fDNA; accordingly, we did not observe any such relationship among the five samples we tested 398 for enrichment ( Figure 3C ). Furthermore, we did not observe a correlation between the number 399 of isolated cells and the mapping rate; in one case, we obtained a 94% mapping rate with only 400 140 cells. Presuming that the flow cytometer is sorting cells correctly, and that those cells 401 contain viable DNA, the mapping rate should only be contingent upon the accuracy of the cell 402 sorting process.
403
We have demonstrated that RNAlater is an effective, long-term, room-temperature 404 cellular storage medium for fecal FACS. In the great majority of cases, FACS involves the 405 sorting of living cellular populations, and attempts to sort dead cells are often met with 406 skepticism (Sasaki, Dumas, & Engleman, 1987) . Dead cells are typically distorted and 407 fragmented, yielding populations that are difficult to discriminate. We attempted to freeze fresh 408 feces with liquid nitrogen and a betaine cryopreservative, following the single-cell protocol of 409 Rinke et al. (2014) . Unfortunately, many of these samples contained extremely large amounts of 410 cellular debris, likely from improper cryopreservation in field conditions. Additionally, 411 cryopreservation of samples required a non-trivial amount of laboratory preparation in non-412 sterile field conditions that we believe introduced substantial human contamination to SSR-FL.
413
While we were able to sequence one of the frozen samples (SSR-ML) at high coverage and 414
replicate it with RNAlater, we cannot presently recommend in-field cryopreservation of fecal 415 samples for FACS. RNAlater is often commonly used in molecular field primatology, because it 416 offers long-term, stable preservation of host DNA at room temperature. For our purposes, it also 417 offered the distinct advantage of not requiring any in-field laboratory preparation, which 418 minimized human contamination of our cellular populations. 
